Nucleolin is over-expressed in malignant tumors and is used as a marker for cell proliferation and to reliably predict tumor growth rate. However, it is not known whether nucleolin expression is directly involved in or is a consequence of carcinogenesis. Using GST-pull down assays, we have determined that the recombinant nucleolin interacts with the Proliferating Cell Nuclear Antigen (PCNA). Coimmunoprecipitation assays indicate that the nucleolin-PCNA interaction also occurs in intact cells and this interaction increases after exposure of colon carcinoma RKO cells to UV radiation. Moreover, our data indicate that PCNA and nucleolin co-localize in some areas within the RKO cell nuclei. The functional significance of this interaction is evaluated on Nucleotide Excision Repair (NER) since PCNA is a primary mediator of this cellular function. Our data indicate that overexpression of nucleolin decreases the repair efficiency of UV damaged plasmid DNA in RKO cells. Co-transfection with PCNA can rescue this effect in vivo. Furthermore, reduction of nucleolin protein levels increases DNA repair efficiency in RKO and CHO cells and consequently increases cell survival. These data indicate that the direct interaction of nucleolin with PCNA inhibits NER efficiency of UV damaged DNA. This effect could contribute to carcinogenesis and aging in cells over-expressing nucleolin.
Introduction
Nucleolin was initially described as a nucleolar protein participating in ribosome biogenesis (reviewed in (1) . Subsequent studies have shown that nucleolin is a multifunctional protein involved in several cellular processes such as transcription (2) , attachment of genomic DNA to nuclear matrix and decondensation of chromatin (3) . Nucleolin is apparently not restricted to the nucleolus, in some cells nucleolin can localize to the nucleus, the cytoplasm and even the cell surface (4), (5) . In addition, specific interactions between nucleolin and a number of nuclear proteins such as nucleophosmin (6) , topoisomerase 1 (7) and the growth factor midkine (8) have been reported. Nucleolin is overexpressed in malignant tumors and its synthesis is associated with increased rates of cell division (9) . Nucleolin is one of the major components of the silver-stained nucleolar organizer regions (AgNORs) that are used as markers for cancer progression in several tumor types (9) . However, the precise mechanism(s) by which nucleolin could contribute to cancer progression are still poorly understood.
A possible role for nucleolin in recombinational DNA repair has been suggested due to its ability to accelerate the annealing of oligonucleotides, including those containing mismatches (10) . In addition, nucleolin helicase activity and its capacity to bind to hairpin RNA structures (11) , may also indicate a possible role in other DNA repair mechanisms such as transcription-coupled repair or nucleotide excision repair (NER). PCNA is overexpressed during the S-phase of the cell cycle and is used as a marker of cell proliferation (12) . PCNA functions in DNA replication as a molecular sliding clamp that permits highly processive synthesis of 131 Nucleolin Inhibits Nucleotide Excision Repair DNA polymerase δ (13) . The sliding and scaffolding properties of PCNA are also important for DNA repair, including NER. In fact, decreased levels of PCNA mRNA and protein levels are associated with reduced repair capacity of UV damaged DNA in aged human fibroblasts (14) . PCNA interacts with several proteins that are involved in either DNA replication, repair or cell-cycle regulation (12) . The mechanisms that modulate the interaction of PCNA with distinct binding partners are not fully understood but evidences indicate that posttranslational modifications are important (15) . It thus appears that these interactions are not random but functionally regulated. Here we demonstrate that PCNA interacts with Nucleolin and is functionally affected by Nucleolin levels in the cells.
Material and Methods

Plasmids, Cell lines and treatments
To generate the sense and antisense Nucleolin vectors, the Open Reading Frame (ORF) of the human Nucleolin was cloned in the sense and antisense orientation into the KPnI/XhoI sites of pcDNA3.1 (Invitrogen, Carlsbad, CA). The human colorectal carcinoma RKO cells were maintained in RPMI 1640 medium (Gibco-BRL, Rockville, MD) supplemented with 10% fetal bovine serum. The nucleolin antisense cell line was established by stable transfection of the nucleolin expression vector containing the ORF in the antisense orientation. Single colonies were expanded and expression levels of Nucleolin were verified by Western blot. Clonogenic survival after UV irradiation was performed by colony formation assay. About 200 cells were seeded per 100 mm dish for overnight growth, then the medium was removed and the cells were irradiated with the indicated dose of UV. Treatments were performed in triplicate for each dose. Two weeks later, colonies containing more than 50 cells were counted. UV treatment was performed as described previously (16) except that the source of UVC was a Philips 30 W germicidal lamp emitting at 253.7 nm and the intensity of the UV lamp was determined with a UVX Radiometer (UVP Inc., Upland, CA).
MTT assay
The assay was performed as described before (17) . Briefly, the cells were plated at 1 x 10 4 per 24-wells plate, 72 hr after UV exposure (7 Jm-2) the cells were incubated with the tetrazolium salt, MTT (0.25 mg/ml in PBS) for 3 hr. The media was then removed, DMSO (1 ml of 100%) was added and viability was determined by absorbance at 540 nm. Each sample was assayed at least three times. The results were expressed as a percentage of MTT reduction in treated samples compare to untreated sample (100%).
Co-immunoprecipitation and Western blot
The DNA fragment encoding nucleolin residues 284 to 707 (Nuc-C) was amplified by PCR and cloned into the BamHI/XhoI sites of the bacteria expression vector pGEX-4T (Amersham). The protein was expressed in BL21(DE3) with 0.4mM IPTG. To pull down recombinant PCNA, the reaction mixture (100μl) contained 30μl 50% slurry of glutathione Sepharose 4B (Amersham), 10μl PCNA-containing bacterial supernatant and 500ng GST protein or GST-Nuc-C having an equimolar ratio to GST. The reactions were performed at 4ºC and the glutathione beads were washed 5 times with RIPA ((50mM TrisHCl, pH7.5; 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%SDS) buffer. The bound proteins were separated on 12% SDS-PAGE. Western blots were performed with PCNA antibody (Oncogene, San Diego, CA). The purified human GST-PCNA (1 μg) was obtained from Proteomix (Baltimore, MD) and incubated with purified recombinant Nuc-C (1 μg). The bound proteins were eluted from glutathione sepharose as described above and Western blot for nucleolin. For immunoprecipitation in intact cells, the human colorectal carcinoma cells (RKO, (16) ) were grown and irradiated (UVC, 14 Jm -2 ) as described before (16) . The cells were lysed in RIPA buffer and used for co-immunopreciopitation or Western Blot. Total cell extracts (300 μg) were immunoprecipitated with PCNA antibody and Western blots were performed with nucleolin (18) and PCNA antibodies (1:2000 dilution).
Immunofluorescence
The RKO cells were cultured on cover slips. After overnight growth, the cells were fixed and immunofluorescence microscopy was performed with nucleolin polyclonal antibody (1:500 dilution) stained with rodamine-conjugated goat anti-rabbit IgG (1:50 dilution) and PCNA monoclonal antibody (1:500 dilution) stained with fluorescin-conjugated anti-mouse IgG (1:50 dilution). Nuclear content was visualized by DAPI staining. The cover slips were mounted and observed under a fluorescence microscope (TE200 Nikon).
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Nuclear Excision Repair efficiency in a host cell re-activation assay
The RKO cells were transiently transfected with 1 μg of empty vectors or pCMV.3-Nucleolin plasmid and/or pcDNA3.1-PCNA plasmid using LipofectaminePlus TM reagents (Invitrogen). The total amounts of transfected DNA were kept constant with empty plasmid vectors. Twenty four hours later, the cells were co-transfected with 50 ng of either sham or UVC light exposed (0.5 KJm -2 ) Luciferase reporter plasmid pGL-3 plasmid (0.1 mg/ml in double distilled H2O) and 10 ng of pRL-SV40 plasmid for the transfection control. The Luciferase assay was performed 24 hours later according to the manufacturer (Promega) recommendation. The pGL-3 luciferase activity was determined by a luminometer (Model; Optocomp I Luminometer, MGM Instruments Inc., Hamden, CT). The pRL luciferase activity was subsequently determined by adding 50 μl of Stop and Glo 1 X Reagent to the reaction. The relative repair efficiency was calculated by first calculating the relative luciferase activity (RLU) in each sample (pGL-3 luciferase activity/pRL luciferase activity). The repair efficiency (RE) was then calculated as (UV-damaged RLU/undamaged RLU) X 100. The RE of the 0 KJm -2 samples was calculated as (undamaged RLU/undamaged RLU) X 100. The relative repair efficiency (RRE) was finally calculated as (R.E. of transfected plasmid/R.E. of empty vector) X 100. For cells transfected with siRNA nucleolin, the percentage of repair efficiency was calculated with results obtained with a control siRNA.
siRNA
The nucleolin small interfering RNA (SiRNA) duplexes were synthesized by Qiagen-Xeragon (Germantown, MD) and transfected into RKO or CHO-K1 cells using oligofectamine (Invitrogen) as recommended by the manufacturer. The hamster CHO-K1 cells were from American Type Culture Collection (Manassas, VA) and grown as the RKO cells. Forty-eight hours after transfection, the cells were co-transfected with pGL-3 and pRL as described above. The SiRNA sequence-targeting nucleolin corresponded to nucleotides 626-646 of the coding region relative to the first nucleotide of the start codon (sense; 5'-GCUAUGGAGACUACACC AG-3'; antisense; 5'-CUGGUGUAGUCUCCAUAGC-3'). The negative control was SiRNA for S100β. The 23 nucleotides (nt) double stranded RNA sequence (5'>ACU ACU GCC UGC CAC GAG UUC<3') corresponded to S100β C-terminal end (nt 244-265) plus two dT 3' overhang.
Results and Discussion
Because nucleolin and PCNA are both associated with cell proliferation and are used as markers for cancer progression (9), we wanted to determine whether nucleolin could interact with PCNA. We first performed co-immunoprecipitation with recombinant proteins. The NH2 terminal domain of nucleolin is very acidic and often hinders the solubility of the recombinant protein in addition to causing anomalous migration of the protein on SDS-PAGE (19) . Therefore, we deleted the first 283 amino acids of the protein and generated a recombinant protein containing the four RNA binding domains (RBD) and the C-terminal arginine-glycine rich domain (RGG box) (Nuc-C) of nucleolin ( Figure 1A ). The GST-fusion protein was incubated with bacterial extracts over-expressing PCNA and eluted on Glutathione Sepharose 4B by standard procedure. Our data ( Figure 1B) indicate that the nucleolin deletion mutant interacts with PCNA and suggest that the N-terminal end of nucleolin is not required for this interaction. Furthermore, we also verified the interaction by using GST-PCNA and purified recombinant Nuc-C. Our data ( Figure 1C ) indicate that PCNA also binds to Nuc-C. The additional bands that are also detected by the nucleolin antibody are likely the result of the intrinsic self cleaving activity of nucleolin. In fact, this self-cleaving activity, also known as maturation, has been observed in the full length Nucleolin as well as in a two-third deletion mutant similar to the one used here (20, 21) . This self cleaving activity is cell-type-specific and sensitive to protease inhibitors (20) . It thus seems possible that other self cleaved NCL fragments also interact with PCNA.
A number of proteins that interact with PCNA share a common motif called the PCNA interaction protein box (PIP-box). The PIP-box consists of the sequence Q-x-x-(I/L/M)-x-x-(F/Y)-(F/Y) where x is any residue (22) . However, not all PCNA-interacting proteins contain this sequence. For example, cyclin D and DNA polymerase ε do not contain the PIP box (13) . Another motif called the KA-box has also been identified as a PCNA interacting domain. This conserved sequence is found in DNA polymerase δ and several other proteins involved in DNA replication, repair and cell cycle regulation (13) . Interestingly, we have not found any PIP box in nucleolin but there is a sequence very similar to the KA-box in the RNA Binding Domain 3 (residues 467 to 520) of nucleolin. Whether this sequence is responsible for the interaction remains to be determined.
PCNA antibody increased as soon as 15 min after exposure to UV radiation (lane 2) and remained elevated for up to 45 min (lanes 2-4). The increased amounts of nucleolin in the immunoprecipitate were not due to increased levels of PCNA in the reaction complex since the levels of PCNA were relatively the same in all the samples (Figure 2A, lanes 1-4) . To determine whether the overall levels of nucleolin or PCNA were also affected by UV radiation, we performed Western blot analyses on the same extracts before immunoprecipitation. Our data ( Figure 2B ) indicate that the levels of nucleolin and PCNA did not change in response to UV radiation. What is changed in response to UV radiation is the amount of nucleolin that can be recruited by PCNA. This may suggest that some post-translational modifications activated by UV are mediating the increased interaction. In that regard we have previously shown that UV-induced nucleolin We then proceeded to determine whether nucleolin could interact with PCNA in vivo. Because nucleolin is a stress-responsive protein and that UV radiation induced binding of p21 and ING1 to PCNA (23), we also wanted to evaluate the possible effect of UV radiation on the nucleolin-PCNA interaction. We thus performed co-immunoprecipitation with PCNA antibody in colon carcinoma RKO cells at different times following exposure to UV radiation ( Figure  2A ). Our data indicate that the PCNA antibody precipitated PCNA as well as some nucleolin protein immediately following exposure to UV light ( Figure  2A phosphorylation increases its RNA binding activity (18) . It thus seems possible that UV-induced posttranslational modifications could also influence the nucleolin-PCNA protein interactions. The precise molecular mechanisms that could be responsible for this increased interaction are currently under study.
For an interaction to be functional in vivo the proteins have to be localized in the same cellular compartment. We used immunofluorescence to determine whether nucleolin and PCNA are colocalized in vivo. Asynchronous RKO cells were fixed and stained with a polyclonal antibody for nucleolin and reacted with a goat anti-rabbit secondary antibody conjugated to rhodamine. The cells were also stained with a monoclonal antibody for PCNA and reacted with a fluorescein-conjugated mouse secondary antibody. Our data (Figure 3) indicate that both PCNA and nucleolin are found in the nucleus and the nucleolus and that their respective staining overlay in several areas suggesting that the interaction could have a functional significance in vivo.
Because UV radiation increased the interaction of nucleolin with PCNA ( Figure 2 ) and since PCNA is involved in the repair of UV damaged DNA (22), we wanted to determine whether nucleolin could affect PCNA repair activity on UV damaged DNA. We used the plasmid host cell re-activation assay to measure DNA repair efficiency. A UVC-irradiated luciferase reporter construct (pGL-3) was used to measure the DNA-repair ability in different RKO cells transiently transfected with either empty vector, nucleolin, PCNA or nucleolin and PCNA (Figure 4 ). This assay reflects the NER of damaged DNA (for TT or TC dimers) by using transcriptional activity measured as luciferase enzyme activity of the transfected reporter gene. The pGL-3 plasmid was either sham irradiated (0 KJm -2 ) or exposed to UVC light (254 nm) at 0.5 KJm -2 . Because the relative repair efficiency is expressed as a percentage of the relative luciferase activity (pGL-3/pRL) in each sample, the relative repair efficiency in the absence of UV radiation (0 KJm -2 ) is about 100% in all samples ( Figure 4A ). However, the relative repair efficiency of cells transiently transfected with nucleolin alone decreased by almost 80%. On the other hand, transfecting the cells with PCNA alone did not affect the repair capacity of the cells and even slightly increased it. In addition, when the cells were co-transfected with both, PCNA and nucleolin, PCNA was able to rescue the inhibitory effect of nucleolin by more than 50%. A similar effect was also observed in CHO cells (data not shown). These data indicate that an in vivo interaction of nucleolin with PCNA can inhibit PCNA function in NER.
If nucleolin were directly responsible for this effect, reduced levels of nucleolin should result in increased relative repair efficiency. To verify this hypothesis, we decreased the levels of nucleolin by the small interference RNA technique (siRNA) and measured the basal levels of nucleolin in the absence and presence of the nucleolin siRNA by immunoblot analysis ( Figure 4B ). Under these conditions the basal levels of nucleolin are substantially reduced. In order to ensure that the effect measured would not be an artifact of the transfection technique or of the presence of synthetic RNA, we also performed the experiments with the same concentration of a control siRNA. The relative repair efficiency was then measured and the results were expressed as a percentage of this negative control. As evident from Figure 4C reduced levels of nucleolin in RKO cells result in increased DNA repair efficiency by more than 40%. This effect is even more pronounced in CHO cells where reduced levels of nucleolin almost double (190%) the NER efficiency ( Figure 4D ). These data indicate that nucleolin is directly involved in the regulation of NER efficiency and can affect more than one cell type. The pronounced effect in CHO cells may be due to the fact that nucleolin is more responsive to UV radiation in these cells (24) . In fact, we have previously shown that UV-induced nucleolin phosphorylation increased its RNA binding activity by several folds in these cells as compared to other cell lines (18, 24) . We can not thus rule out the possibility that the levels of UV-induced nucleolin post-translational modifications are different in CHO cells and affect nucleolin protein-protein interaction as well as its role in NER efficiency.
Increasing the capacity of a cell to repair its damaged DNA should result in increased survival. To verify that the increased NER efficiency observed in the presence of reduced levels of nucleolin is actually affecting cell survival, we measure cell viability by MTT and colony formation assays under these conditions. The data shown in Figure 5 indicate that indeed when the nucleolin levels are reduced the cells viability is increased by almost two fold (Figure5B) and cell survival is increased by more than 5 fold. This indicates that the effect of nucleolin on NER has direct consequence on the cellular capacity to respond to cellular insults. The interaction between nucleolin and PCNA is both functional (Figure 4 -5) and regulated by UV radiation (Figure 2 ). Because nucleolin shuttles between the different cellular compartments (4) it is possible that either PCNA or other proteins interacting with PCNA and nucleolin such as the Replication Protein A (25), (26) could recruit nucleolin at sites of DNA damage in response to UV radiation. This possibility remains, however, to be determined.
Interestingly, a direct correlation has been found between the AgNORs counts, which are mainly composed of nucleolin, and the malignant progression of melanoma (27) . The UV-induced binding of nucleolin to PCNA may contribute to this progression. The interaction of nucleolin with PCNA could also have consequences in aging. Older cells, including aged human fibroblasts, have a reduced rate of removal of thymidine dimers and photoproducts (14) . This has been attributed to a decrease of expression of several proteins involved in NER including PCNA. The interaction of nucleolin with PCNA could thus also participate in the aging process by decreasing NER efficiency.
In summary, our data indicate that nucleolin interacts directly with PCNA and that this interaction is increased by UV radiation in vivo. Nucleolin interaction with PCNA reduces NER efficiency and consequently affects cell survival. The over-expression on nucleolin could thus contribute to carcinogenesis and aging.
